This paper presents a method to decrease imprecision and inaccuracy that have the tendency to influence the posture of non-holonomic mobile robot by using the adaptive tuning of universe of discourse. As such, the primary objective of the study is to force the posture error of , , and towards zero. Hence, for each step of tuning the fuzzy domain, about 20% of imprecision and inaccuracy had been added automatically into the variable universe fuzzy, while the control input was bound via scaling gain. Furthermore, the simulation results showed that the tuning of universe fuzzy parameters could increase the performance of the system from the aspects of response time and error for steady state through better control of inaccuracy. Besides, the domains of universe fuzzy input [-4,4] and output [0, 6] 
Introduction
The control of mobile robot can be modeled in several conducts. However, the most significant aspects that should be considered in to determine a model are the complexity and its use. In the designs of mobile robot can be divided into two: holonomic and non-holonomic systems. Holonomic robot refers to the robot in which the amount of controllable inputs is similar to the controllable level of autonomy [1] . Meanwhile, the non-holonomic robot has restricted mobility due to lower amount of controllable inputs, thus posing a more pressing issue, when compared to that of holonomic robot [2] . Therefore, several methods have been suggested to obtain the best solutions for optimum performance in relation to control. Moreover, the control strategies of mobile robot can be classified into two types: closed and open loop controls. As for the control with open loop type, the inputs, which are comprised of the initial knowledge and the last speck of it (inclusive of the paths desired among them for adherence of path), are precalculated for mobile robots (torques/velocities). Unfortunately, such approach can still be affected by interruptions and errors. Nonetheless, the closed loop technique is unaffected by errors because its inputs are derived from the whole system, instead of just the beginning and ending points. Hence, any error or interruption that occurs generates deviances away from the assumptions, mainly due to the inputs. Nevertheless, close loop controller design has an issue; computing complexity in non-holonomic robot, chiefly because of the non-linear equations applied in both kinematic and dynamics systems.
In fact, non-holonomic mobile robots come in three main categories to as certain that the controller functions well in the system: 1) based on kinematic model [3] [4] [5] [6] [7] , 2) based on dynamic model [8] [9] [10] [11] [12] [13] [14] , and 3) based on both kinematic and dynamic models [15] [16] [17] [18] [19] . These models have their own limitation and complexity. Several researchers have looked into these issues and developed several controllers, including adaptive feedback [20] , back stepping [21] , feedback linearization [22] , and sliding mode [23] [24] [25] [26] [27] [28] [29] . Sliding mode control and its features are the good options to compensate mobile robots under actuated system. Mobile robot is said to have the under-actuated system since two inputs (velocities) are used to control three outputs (positions) and this constraint also contributes in adding the complexity of the system [24] [25] [26] [27] [28] [29] . However, the drawbacks of these approaches are that a tedious analysis is required to design the control algorithms and tuning the parameters is indeed a complicated task. These are especially true for trajectory control, where the controller algorithm is designed with information extracted from the reference path. In fact, most theoretical aspects in the systems developed for tracking via trajectory have dismissed the instabilities and the inaccuracies that might occur from the practical stance [24] [25] [26] [27] [28] [29] [30] [31] [32] . Such dismissal of negativities actually could lead to increased steady state error and lack in transience. Hence, the selected methods for controlling trajectory could be enhanced with the inclusion of external disturbances and model inaccuracies.
Furthermore, the advances in computational resources have made developing a mobile robot with a control system that is fully autonomous a possible feat [27] . With that, a number of issues related to control have been ironed out with the development of several control systems, for instance, neural network [9] , [34] [35] and fuzzy control [4] [5] , [8] , [10] [11] . Meanwhile, for issues related to those nonlinear, numerous analyses have highlighted the benefits of fuzzy controller, for example, its unaffected performance with presence of noise. Its application in an intricate structure where the dynamic model is vague or unavailable, excellent in overcoming error related to nonlinear issues, as well as the noted enhanced sturdiness in the system of a robot [4] [5] , [10] [11] , [12, 14] . The linguistic data employed by fuzzy logic controller offer some benefits, for instance, rule-based algorithm, robustness, general approximation theorem, and model-free. Moreover, the fuzzy controller generates a system that transforms the strategy of linguistic control from the knowledge of expert to a strategy that is automatic [11] [12] , [36] . Hence, the inaccuracies controller that is designed is incorporated into the function of membership. Therefore, the techniques of fuzzy control have sparked more interest in addressing issues related to non-holonomic mobile robots control.
The universe of discourse has to be appropriate designed in developing a fuzzy logic control because it is a significant aspect in determining the performance of the fuzzy controller. It defines the interval of all possible values or the set of higher and lower confines for the set of fuzzy employed in determining the aspects of variables for fuzzy. Moreover, the sets of universe of discourse are represented as uncertainty in input and output membership functions (MFs), with varied grades of membership in the interval [0,1]. In specifying the universe of discourse, the first step is determining an appropriate range that should be weighed in seriously to identify the features of the selected variables in the designed scheme. Moreover, the data would become off scale if the range were set to be narrow, thus affecting the performance of the system. On the contrary, a larger range generates wider MFs on either right or left, thus leading to exaggerated values in input. Besides, suitable interval value for the universe of discourse in the fuzzy control process could produce positive response in both transient and steady state error due to the elaboration of imprecision, inaccuracy, and uncertainty in mobile robot [37, 38, 39] . However, determining the value is definitely challenging. Therefore, the best scaling factors of fuzzy universe of discourse is desirable.
In this paper, all possibilities of universe of discourse had been analyzed with simple fuzzy controller algorithm to determine the response of steady state error. As such, the analysis of universe of discourse had been employed to design the MFs of fuzzy controller. In addition, the universe of discourse changes as the error change, especially with fixed amount control rules. Therefore, the rules of the control are regulated in a dynamic manner. The rule-based and the fuzzy inference systems exploit the information related to the reference and the actual path ahead of the mobile robot, as well as the distance of the next position for the robot to safely drive to the target with minimal error trajectory. The output of the fuzzy control refers to the maximum values of angular and linear velocities; in which the motion references of mobile robot satisfy the bounds of velocities and accelerations. This method of adaptive tuning of universe of discourse is set to be the novelty of this paper to decrease imprecision and inaccuracy that have the tendency to influence the posture of a mobile robot that suffers the non-holonomic constraint. The feasibility of the proposed method is proven with simulation, based on a real robot performing its task in an unknown environment. 
. Non-holonomic System
A non-holonomic differential drive mobile robot (DDMR) had been considered in this paper. Such robotic system must control the error tracking system because the DDMR operation had two left and right drive wheels mounted on similar axis, while another two free wheels were installed on the back wheels. The robot was driven separately and only moves in a horizontal plane had been taken into account, while any non-holonomic constriction was enforced upon the kinematics. This is because; the kinematic model describes the restrictions equation, which dismisses symbolic integration in determining explicit correlations between the positions of robot at global and local frames of coordinates. The 2D model of DDMR mobile robot, which was considered to move in Cartesian plane, is shown in Figure 1 .
Figure 1. DDMR model in 2D Cartesian plane
In order to analyze the system and to develop the tracking controller, a differential drive represented the model of kinematics for mobile robot. In fact, the governing equations of the kinematic model, inclusive of non-holonomic constraints, are rather well known (see [10] , [13] [14] [15] for detailed derivation). Figure 1 shows all the variables used in the kinematic model, while the definitions are discussed in the following:
2b distance of the robot from center of right wheel to left wheel r radius of each wheels θ robot orientation v robot linear velocity  angular velocity of the robot V R right wheel linear velocity V L left wheel linear velocity
Furthermore, as the analysis of castor-free had been disregarded, the mobile robot configuration is categorized into three general variables to describe the point for robot, as well as the control input , as defined in the following matrix:
and (1) The values of right and left wheels in angular velocity are:
and ; ,
and the translational velocities of the both wheels are given in the following:
and (3) From equations (2) and (3), a linear velocity is , as follows: 
However, the DDMR is limited in terms of movement due to non-holonomic constrain with two primary assumptions. The first assumption is no lateral slip motion, which refers to the movement of the robot in a curved motion (forward and backward), but not sideward. The velocity at the midpoint of both wheels was obtained from Figure 2 (b), and the related equation is given below: (5) Besides, as for the frame of robot, the value of velocity for the wheel at the locus point, , is zero, along the lateral axis as it only moves along axis and axis [7] . Therefore the velocity equation is: (6) Meanwhile, the second assumption reflects the pure rolling constraint because the wheels did not slip on the floor and thus, portrayed a limitation of pure rolling. With that, the following depicts the linear velocity for both right and left wheels:
and (7) By looking at the starting position of the wheel to the Cartesian field, can be obtained from the equation of position wheeled robot, , , and . Thus, the transformation matrix equations from the initial position can be defined as: (8) Furthermore, the velocity of the robot is defined as the control input and it consists of three parameters: , , and From equation (8) and three parameters of input equation, the model of DDMR kinematic equation is: or,
Posture Error Modeling
The error model of DDMR was obtained by reducing the reference position with the actual position of the robot. As such, two postures had been employed for this control scheme: reference and current postures, as described in the following two equations:
T (11) Reference posture refers to the goal posture for a mobile robot, which is defined as imaginary robot and it strictly adheres to reference path, whereas current posture reflects the original posture, as illustrated in Figure 2 . On the other hand, posture error is defined as and represented by , while is the error in driving direction, is the error in lateral direction, and refers to error related to robot orientation. In addition, reflects the transformation result between the reference position in a local The equation of error is defined by substituting Equation (13) with Equation (12), as shown in Equation (14) Taking robot kinematics in Equation (9) and differentiating Equation (14), the postureerror model is given as: (18) where and are the reference translational and angular velocity respectively, whereas u(t) reflects the input for control given in Equation (9).
Controller Design 2.3.1. Fuzzy Logic System
The fuzzy logic system is developed completely with fuzzy sets, comprising of four components: fuzziffer, rule base, inference engine, and defuzziffier ( Figure 4) . In a fuzzy set, all elements that belong to it have a particular membership level. Hence, an assumption may be false or true, or it could be partially true (or partially false) at certain degree. Such degree of membership is known as membership value, which is valued in the range of zero to one. The mapping between elements of a fuzzy sets and its membership value is given by MFs. Other than that, fuzzy sets (FSs) refers to the generalization of a crisp set, whose membership grades can only be 0 or 1. A fuzzy set of A is defined on universe of discourse X and it is featured using membership grade The following defines fuzzy sets A over universe of discourse X [34] :
With that, two aspects are generated for universe X in relation to the x element for the universe of discourse, in which the characteristic function of X, (x), becomes equivalent to 1, when set A has the element of x, but it becomes 0 if otherwise. Furthermore, the following expresses fuzzy sets A at a condition when the universe of discourse of X becomes continuous:
Here does not denote integration, but accumulation of the overall points x X linked to membership grade, (x). Meanwhile, when the universe of discourse X is discrete and finite, the fuzzy sets of A may be expressed as in the following: (21) Besides, a mapping is generated by fuzziffer with input of crisp x = (x ,…,x ) into fuzzy sets in U. These fuzzy sets are associated with terms that appear in the antecedents or consequents of rules, as well as with inputs to and output of the fuzzy logic system (FLS). However, in practical, it is rather challenging to identify the plant model, which is rather commonly found as nonlinear. Hence, the use of FLC overcomes this error. However, most cases related to fuzzy universe cannot be defined in a manual manner as commendably, thus demands tuning. Furthermore, an apt value of the universe of discourse can improve the rate of accuracy in a DDMR system.
In fact, the tuning strategy is not difficult for implementation with the automatic tuning approach. The main goal of this strategy is to improve the performance of steady state error, and therefore, the scaling factor is generated to ascertain the stable close loop, as well as the rapid convergence of the control strategy. In addition, the scaling factor is developed closely based on the desired performance. The parameters and , which act as inputs to the FLC, function as the scaled values of error. The scaling factor, moreover, is connected to the behavior of control, for instance, i) the large value of e(t) can increase the band around the values of steady state error, thus causing limited cycle oscillations and instability, ii) the minute value of enhances the overshoot and causes instability, and lastly, iii) in achieving satisfactory steady state error, must be satisfied, where and function as scaled values of error by using upper and lower bounds. As such, a piece wise linear function S can be employed to limit the bound of gain G. This control variable u is updated with the following equation: u(t) =u(t-1) + G* , where u(t) is the actual value of error, u(t-1) is the value of sample, G is the scaling factor, and is the output of fuzzy controller.
Trajectory Tracking Controller
The structure of fuzzy logic controller for trajectory tracking has three inputs, which are and that function as the positions of errors, as well as that is denoted as orientation error, which is found between the real value and the reference value. Meanwhile, v(t) ω( ) k w h p , wh h ( ) f h b , wh ω( ) refers to that of angular velocity. Moreover, it is vital to have simplified rules for a reasonable computing time. Figure 5 illustrates a block diagram of fuzzy controller. Furthermore, this paper adopted 18 rules as the base set of Fuzzy controller that governed the correlations of input-output for fuzzy controller precisely by adhering to the inference engine of Mamdani style. With two output signals controlled, the fuzzy rule bases are as designed in Table 1 . In determining if the proposed fuzzy logic controller is indeed effective in overcoming trajectory tracking error, a number of control simulations were performed. As such, the tracking controller, as depicted in (1) In order to overcome the bad response of actuator when control signals v(t) and are produced, three experiments had been initiated. Basically, in tracking the error position to zero, the fuzzy controller must be determined by the bound of uncertainty. This is because; the value of uncertainty bound determines the accuracy and the stability of the controller, mainly due to the uncertainties and noise produced by sensor, actuator, and the environment. These uncertainties make determining the antecedents and the consequent fuzzy MFs a challenging task. While MFs are determined and tuned in certain environmental conditions, modification to other environments might be needed. Thus, as for this study, the number of input and output for MFs were not changed, but the uncertainty bounds for input and output of MFs were changed. In cases 1 and 2, the input uncertainty increased from [-1,1] to [-4,4] , while in case 3, the output uncertainty bound increased from [0,6] to [0, 10] . The results obtained from the experiments were compared especially to ascertain that the controller did track the posture error close to zero.
Case 1: FLC with 3 MFs, where inputs of MFs were bound by [-1,1] and outputs of MFs were bound by [0,6]
In the first experiment, both input and output of MFs were determined from the prior experiment. Thus, the fuzzy controller output must decrease the errors of position and orientation to zero. From the experimental results, all errors of position and orientation are illustrated in Figure 8(a), (b) , and (c), respectively. The findings showed that the errors indeed neared zero, in which the tracking of the trajectory had been near the anticipated value, while errors of velocity decreased to a smaller value. Nonetheless, Figure 8 (d) portrays that the trajectory tracking failed to hit the target zero, as the error tracking increased after 1.0 sec. Furthermore, the fuzzy controller did not display adequate control signal to the actuator, thus led to instability after 1.0 sec. Besides, the fuzzy controller with fuzzy sets of universe of discourse between [-1,1] and [0,6] did not represent the imprecision and inaccuracy as uncertainty in input and output of MFs. Therefore, for 1.0 sec and above, the errors of trajectory grew larger chiefly because the steady state errors could not be minimized. The fuzzy sets were changed from [-1,1] to [-2,2], in order to cover imprecision and inaccuracy for inputs of MFs, while retaining the outputs of MFs in the second experiment. Figures 9(a), (b) , and (c) illustrate the results retrieved for errors of position and orientation, whereas Figure 9 (d) describes the motion exerted by mobile robot in tracking the related reference. Therefore, by employing the fuzzy sets in such domain, the errors of steady state for x(t), y(t), and had been small and closer to the reference. However, the response time of error had been slower and the error failed in hitting the zero value. Besides, the average of steady state error was about 2 -5% from the reference. The interval of fuzzy sets was changed from [-1,1] to [-4,4] in the third experiment. As a result, the bound of uncertainty for inputs of MFs described the imprecision and noise within the sensors. Moreover, as every instrumentation element possesses uncertainties from the gathered data; sensors, amplifiers, analog to digital converters (ADC), digital to analog (DAC), and actuators are applied to overcome such error [35] . Furthermore, the control actions, which result from the change of the actuators, could derive from the inconsistencies generated by environmental changes [36] . [4, 4] while retaining MFs output decreased the response of error trajectory to zero within a short time by about 0.09 sec for error position and about 0.08 sec for orientation error. In addition, the trajectory tracking had been closer to reference, as exhibited in Figure 10(d) . Therefore, one can note that in experiment 3, the fuzzy controller generated successful solutions for systems tainted with inherent imprecision primarily because robustness was present in the face of imprecision. Furthermore, by applying fuzzy sets as universe of discourse; [-4,4] and [0, 6] , in MFs input and output, the fuzzy controller displayed the capability of managing the tracking error and successfully applying this capability in trajectory control of non-holonomic mobile robot to be close to zero. In fact, the results showed that the steady state errors had been approximately 1.08%, 0.02%, and 0.16% for x(t), y(t), and , respectively. Besides, the actual error of the trajectory to the reference was about 0.0002%, indicating the ability of the controller to force the steady state error to the desired 0%. [0, 8] to identify the imprecision in the actuator while executing action from the fuzzy controller. As such, the simulation results when the interval of uncertainty was changed into a range of [0, 8] are displayed in Figures 11(a)-(c) , whereas the tracking error position of the mobile robot is illustrated in Figure 11(d) . Nevertheless, the system turned unstable for certain values. Figure 11 shows that the time response of both position and orientation errors failed to decrease to zero value, as the steady state errors were found to retain at the end of the graphics. Furthermore, the trajectory error value decreased for a short time, but it became unstable after that. This was because the interval of the MFs output had been too large, thus had become less appropriate.
In this study, the changes of error, , for position and orientation functioned as inputs for fuzzy controller, , in which small changes were determined for varied errors. Based on Equation (15), the difference in errors had been calculated to determine the speed of change for each position and orientation error in obtaining point of reference. Besides, Figure 12 summarized all for x(t), y(t), and towards the zero value within a short time, which was under 0.05 sec.
In order to evaluate the proposed approach upon non-holonomic system, several experiments had been carried out to display the performance of fuzzy controller by using simulation. In fact, Table 2 depicts the variation for universe of discourse to determine the universe of discourse as values for they can give coarse or fine control effects. Hence, a rule set for fuzzy had been developed based on these variables, which had been utilized to modify the fuzzy controller parameters precisely to identify the differences of parameters within the system. These error responses were determined to exemplify the efficiency and the success of the proposed system. It also showed the time response and the steady state error when such controller brought the values of position and orientation errors closer to the values of trajectory reference. In addition, Table 2 portrays that when the universe of discourse was changed, the 
Conclusion
A tracking controller with fuzzy logic controller of, along with automatic tuning for universe of discourse, for non-holonomic mobile robot is proposed. The design of the fuzzy controller incorporated two significant phases: knowledge-based design and universe of discourse tuning. The systematic procedure involved in developing the knowledge-based design and tuning of universe of discourse had actually applied a rather simple strategy. In fact, the rules are normally extracted from practical experience, which may generate rather subjective results. Moreover, it is also difficult to design a database due to a number of uncertainties that had to be taken into account. As such, this study had adopted the universe of discourse as uncertainties for both input and output MFs, which had been generated automatically with some intervals. It also described the function of fuzzy controller in managing the values of v(t) and in the mobile robot to force the position (e x , e y ,) and orientation ( ) error values towards zero within a short time. In future work, the particle swarm optimization (PSO) approach will be applied to tune the fuzzy MFs, especially to estimate the interval of uncertainty value towards producing good results in tracking control application in terms of accuracy and travel time. As for this study, the simulation results retrieved displayed that the fuzzy logic controller did exemplify good performance in tracking both position and orientation errors to the reference values. As such, the proposed controller had achieved the objective outlined in this study. The error p x( ), ( ), θ( ) h b pp x m 1.00%, 0.02%, 0.16%, p , while the error for trajectory was about 0.0002% in adhering the reference with the time taken to track the error to zero at precisely 17 sec.
